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Conceptual insights: 
While there is vast literature, and even a Nobel prize, on understanding how rod-like 
mesogens form nematic and smectic liquid crystal phases, there is remarkably little on 
understanding physical principles of self-assembly of tapered, or wedge-shaped mesogens, 
even though experimentally accumulated information has now become very substantial. 
Tapered molecules, including dendrons, form primarily columnar and cubic mesophases and, 
on their own or attached to other functional molecular moieties, they probably account for 
the majority of thermotropic self-assembled systems today. Virtually all design of such 
compounds has so far been empirically based. In contrast, here we use an approach based 
on a quantitative geometrical model that relates the shape of the molecules and the mode 
of their self-assembly. The model prompted us to prepare “hyperbranched” minidendrons 
with the shape of highly divergent “exponential” wedge. They were found to display the 
body-centred cubic mesophase. This appears to be the ultimate thermotropic assembly 
mode of highly divergent wedges. The compounds indeed assemble as the model predicts, 
and disassemble and reassemble thermally in a way compatible with the model. Among 
other outcomes of this work, the adopted principle of highly divergent wedges should help 
obtain better vehicles for encapsulation of different molecular species. 
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Ungar1,3,* 
 
 
 
 
 
 
Text: 
Na salts of benzoic acid carrying five long alkoxy chains (“hyperbranched” AB5 minidendrons) 
self0assemble into spheres which shrink to half their size on heating and display chain back0
folding, obeying the predictions of the proposed geometrical model of self0assembly of taper0
shaped molecules. 
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%RG\FHQWUHGFXELFSDFNLQJRIVSKHUHV±7KHXOWLPDWH
WKHUPRWURSLFDVVHPEO\PRGHIRUKLJKO\GLYHUJHQWGHQGURQV

;LDRKRQJ<DR/LOLDQD&VHK;LDQJELQJ=HQJ0LQ;XH<RQJVRQJ/LX*RUDQ
8QJDU

'HSDUWPHQWRI3K\VLFV=KHMLDQJ6FL7HFK8QLYHUVLW\;LDVKD&ROOHJH3DUN+DQJ]KRX
&KLQD
,QVWLWXWHRI&KHPLVWU\7LPLVRDUDRI5RPDQLDQ$FDGHP\7LPLVRDUD±5RPDQLD
'HSDUWPHQWRI0DWHULDOV6FLHQFHDQG(QJLQHHULQJ8QLYHUVLW\RI6KHIILHOG6KHIILHOG6
-'8.

$EVWUDFW
:HKDYHV\QWKHVLVHGVRGLXPWULVDONR[\EHQ]RDWHVLQZKLFKRQHRIWKHWKUHHDON\OFKDLQV
EUDQFKHVIXUWKHULQWRWKUHH&+FKDLQV7KHVH$%K\SHUEUDQFKHGPLQLGHQGURQVPHOWGLUHFWO\
LQWRDERG\FHQWUHGFXELF%&&PHVRSKDVHIRUPHGE\VSKHULFDO³PLFHOOHV´,QFRQWUDVWWKHLUQRQ
EUDQFKHGFRXQWHUSDUWVGLVSOD\YDULRXVPHVRSKDVHVEHIRUHWKH\WXUQ%&&RQKHDWLQJ7KLVDJUHHV
ZLWKWKHSUHGLFWLRQVIURPDQXPHULFDOJHRPHWULFPRGHO WKDWUHODWHVWKHVKDSHRI WKHPROHFXODU
ZHGJH WR WKH W\SHRIPHVRSKDVH WKH\DGRSW7KHVSKHUHVZHUH IRXQG WRVKULQN LQYROXPHRQ
KHDWLQJDQGH[SDQGRQFRROLQJDVPROHFXOHVLQVRPHFDVHVQHDUO\KDOIRIWKHPDUHHMHFWHGDQG
DJDLQ UHLQWHJUDWHG LQ WKHVSKHUHV7KHHMHFWLRQRIGHQGURQV LVFDXVHGE\ WKHLU ODWHUDO WKHUPDO
H[SDQVLRQ7KH%&&DSSHDUVWREHWKHXOWLPDWHPHVRSKDVHIRUWKHH[WUHPHO\GLYHUJHQWZHGJHV
VXFKDVWKHK\SHUEUDQFKHGPLQLGHQGURQV,QGHQGURQVZLWKFKDLQVRIXQHTXDOOHQJWKWKHVSKHUH
VL]H LV IL[HGE\ WKHVKRUWHUFKDLQV WKH ORQJHURQHVEDFNIROGLQJRU LQWHUGLJLWDWLQJ WRHIIHFWLYHO\
ZLGHQWKHZHGJH7KHQHZXQGHUVWDQGLQJRIWKHLUDVVHPEO\ZLOOKHOSGHVLJQQHZGHQGURQVHJ
IRUEHWWHUHQFDSVXODWLRQRIJXHVWPROHFXOHV


0DLQWH[W
7DSHUVKDSHGPROHFXOHVWKDWSRVVHVVDGHJUHHRIDPSKLSKLOLFLW\RIWHQH[KLELWOLTXLGFU\VWDO
/& SKDVHV ZLWK ' RU ' SHULRGLFLW\ 7KH PDMRULW\ RI VXFK FRPSRXQGV VR IDU KDYH EHHQ
GHQGURQVDQG³PLQLGHQGURQV´W\SLFDOO\FRQWDLQLQJDQDURPDWLFFRUHDQGIOH[LEOHWHUPLQDODON\ORU
ROLJRHWK\OHQHR[LGHFKDLQV7DSHUVKDSHGPHVRJHQVLQFOXGLQJGHQGURQVDUHVRPHRI
WKHPRVWIXQGDPHQWDODQGZLGHVSUHDGEXLOGLQJEORFNVLQVXSUDPROHFXODUFKHPLVWU\7KH\KDYH
EHHQDWWDFKHG WRPRLHWLHV VXFKDVRUJDQLF VHPLFRQGXFWRUVLRQLF FRQGXFWRUVFURZQ
HWKHUVGRQRUDFFHSWRUFRPSOH[HVSRO\PHUVSHSWLGHVQDQRSDUWLFOHVHWF7KLV
ZD\³GHQGURQL]HG´IXQFWLRQDOPDWHULDOVPD\EHFUHDWHGWKDWFDQEHXVHGLQDYDULHW\RISRWHQWLDO
DSSOLFDWLRQV7KH PRVW FRPPRQ VXSUDPROHFXODU REMHFWV WKDW VXFK GHQGURQV RU GHQGURQL]HG
FRPSRXQGV IRUPDUHFROXPQVDQGVSKHUHV:KHQ WKH WDSHUHGPROHFXOHVDUH IDQVKDSHG LH
ZKHQ WKH\ FDQ HDVLO\ ILW LQ D SODQH WKH FRPSRXQG LV OLNHO\ WR IRUP D FROXPQDU SKDVH
2YHUVLPSOLILHG WKHSL]]DVOLFHOLNHPROHFXOHVVHOIDVVHPEOHLQWRGLVNV³SL]]DV´ZKLFK LQWXUQ
VWDFNRQWRSRIHDFKRWKHUDQGIRUPFROXPQVZKLFKILQDOO\DVVHPEOHRQD'ODWWLFHXVXDOO\
KH[DJRQDO+RZHYHULIWKHSHULSKHUDOFKDLQVKDYHDFURVVVHFWLRQODUJHUWKDQZRXOGILWLQDSODQH
VXFKWDSHUHGPROHFXOHVDGRSWDFRQLFDOVKDSH7KHFRQHVWKHQDVVHPEOHLQWRVSKHUHVZKLFKLQ
WXUQSDFNRQ'ODWWLFHV
)DQVKDSHLQGXFHGFROXPQDURUJDQL]DWLRQRIWHQGXHWRWKHDWWDFKPHQWRIDONR[\SKHQ\O
RU3HUFHFW\SHGHQGURQVFDQEHXVHIXOO\H[SORLWHGLQPDQ\ZD\VHJLQIRUPLQJ'HOHFWURQLF
DQGLRQLFFRQGXFWRUVLQHQFDSVXODWLQJOLJKWHPLWWLQJSRO\PHUVIRUPLQJDUWLILFLDOLRQLF
FKDQQHOVHWF7HPSHUDWXUHLQGXFHGWUDQVLWLRQIURPFROXPQVWRVSKHUHVFDQEHXVHGHJWRFUHDWH
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DWKHUPDOVZLWFKZKHUHE\DQLRQLFDOO\RUHOHFWURQLFDOO\FRQGXFWLQJFROXPQDUPROHFXODUZLUHZRXOG
VSOLWLQWRLVRODWHGVSKHULFDOIUDJPHQWVDWDSUHVHWWHPSHUDWXUHDQGEUHDNWKHFLUFXLW6SKHULFDO
DVVHPEO\FDQDOVRLQSULQFLSOHEHXVHGWRHQFDSVXODWHDQGLVRODWHPROHFXOHVVXFKDVRUJDQLFOLJKW
HPLWWHUVWRSUHYHQWUDGLDWLRQOHVVHQHUJ\WUDQVIHU%XWWKLVGHYHORSPHQWKDVEHHQKDPSHUHGE\
KLJKVHQVLWLYLW\RIVXSUDPROHFXODUWKHUPRWURSLFPLFHOOHVWRLQVHUWLRQRIDQ\ODUJHUHQWLW\DWWKHWKLQ
HQGRIWKHPROHFXODUZHGJHWKHUHE\HIIHFWLYHO\UHGXFLQJWKHWDSHUDQGUHYHUWLQJWKHVSKHUHVWR
FROXPQV$EHWWHUIXQGDPHQWDOXQGHUVWDQGLQJRIWKHVSKHULFDODVVHPEO\RIWDSHUHGPROHFXOHVLV
NHHQO\QHHGHG7KHUHDUHDOVRUHPDUNDEO\IHZWKHRUHWLFDORUVLPXODWLRQVWXGLHVRQWKHVXEMHFW
7KHODWWLFHVIRUPHGE\WKHVXSUDPROHFXODUVSKHUHVRUPLFHOOHVDUHWKHVDPHDVWKRVH
IRXQGLQPHWDOVDQGDOOR\VDOEHLWRQDOHQJWKVFDOHDQRUGHURIPDJQLWXGHODUJHUZLWKLQWHUVSKHUH
VSDFLQJW\SLFDOO\RIWKHRUGHURIQP:HGJHVKDSHGFRPSRXQGVKDYHEHHQIRXQGWRH[KLELW
WKHIROORZLQJPLFHOODU/&SKDVHVWKHFXELFSKDVHZLWK nPm V\PPHWU\DQGVSKHUHVLQDXQLW
FHOO NQRZQ LQ PHWDOOXUJ\ DV $WKH WHWUDJRQDO Pmnm SKDVH WKH ³VSKDVH´ ZLWK 
VSKHUHV  WKH ERG\FHQWUHG FXELF %&& VSDFH JURXS mIm DQG ZLWK RQO\  VSKHUHV SHU
FHOODQGWKHDSHULRGLFGRGHFDJRQDOOLTXLGTXDVLFU\VWDO/4&5HFHQWO\FRPSLOHGVWDWLVWLFV
RQWKHRFFXUUHQFHRIWKHVHSKDVHVEDVHGRQWKHGDWDLQUHILVVXPPDUL]HGLQ7DEOH7KH
nPm FXELFSKDVHLVIRXQGWREHE\IDUWKHPRVWFRPPRQREVHUYHGLQRIDOODSSHDUDQFHV
RIPLFHOODUSKDVHVDQGRIDOO/&SKDVHVGHWHFWHGLQVXFKFRPSRXQGLQFOXGLQJFROXPQDU
DQG VPHFWLF SKDVHV 2Q WKH RWKHU KDQG WKH VLPSOHVW PLFHOODU SKDVH WKH %&& LV WKH OHDVW
UHSUHVHQWHGVKRZLQJXSLQRQO\RIPLFHOODUFDVHV


7DEOH2FFXUUHQFHQXPEHURIUHSRUWHGFRPSRXQGVRIGLIIHUHQW/&SKDVHVLQ
3HUFHFW\SHGHQGURQVEDVHGRQEHQ]\OHWKHUSKHQ\OSURS\O HWKHU ELSKHQ\OPHWK\OHWKHUDQG
ELSKHQ\OSURS\OHWKHURIJHQHUDWLRQVDQGKLJKHUFRPSLOHGIURPLQIRUPDWLRQLQDE

&RQILJXUDWLRQ
DWURRWF
FXELF$
 nPm 
WHWUDJRQDO
V
Pmnm
GRGHFDJRQDO
TXDVLFU\VWDO
%&&
 mmI  
$%    
$%RUWKR    
$%PHWD    
WRWDO    

D3HUFHQWDJHVDUHUHODWLYHWRWKHWRWDOQXPEHURIRFFXUUHQFHVRIPLFHOODU'SKDVHVE3KDVHV
RFFXUULQJLQWKHVDPHFRPSRXQGDWGLIIHUHQWWHPSHUDWXUHVDUHDOVRFRXQWHGF,QGLFDWHV
VXEVWLWXWLRQDWWKHH[WHULRUVLGHRIWKHSKHQ\OULQJFORVHVWWRWKHDSH[RIWKHGHQGURQ³$%´ 
³$%RUWKR´ DQG³$%PHWD´ VXEVWLWXWLRQ


7DEOHDOVRSRLQWVWRVRPHLQWHUHVWLQJFRUUHODWLRQVEHWZHHQPROHFXODUDUFKLWHFWXUHDQG
WKHSKDVHW\SHHJWKHUHLVODUJHSUHIHUHQFHIRUWKHQDUURZDSH[RUWKR$%GHQGURQVWRIRUPWKH
nPm SKDVHLQFRQWUDVWWRWKHZLGHUDSH[PHWD$%GHQGURQVZKLFKVKRZLIDQ\WKLQJDVOLJKW
SUHIHUHQFH IRU WKH GRGHFDJRQDO SKDVH DQG LWV FORVH DSSUR[LPDQW WKH VSKDVH ,Q WKLV
FRPPXQLFDWLRQZHFRQFHQWUDWHRQWKH%&&SKDVH$WILUVWVLJKWLWLVLQGHHGVXUSULVLQJWKDWWKLV
VLPSOHSDFNLQJLVWKHUDUHVW,QIDFWKRZHYHUWKHUHLVDJURXSRIFRPSRXQGVZKHUHWKH%&&LV
ZHOO UHSUHVHQWHG LH WKH WULVDONR[\EHQ]RDWH VDOWV RI DONDOL PHWDOV RU WKHLU VXOIRQDWH
HTXLYDOHQWV DV ZHOO DV VRPH RWKHU VXFK $% ³PLQLGHQGURQV´ LQFOXGLQJ WKRVH DWWDFKHG WR D
SRO\PHUEDFNERQH7KHVHFDQEHUHJDUGHGDVVWJHQHUDWLRQGHQGURQVZKHQWKHDON\O
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FKDLQVDUHGRGHF\ORUORQJHUWKH\DOOGLVSOD\/&SKDVHVRIZKLFKWKH%&&RFFXUVDWWKHKLJKHVW
WHPSHUDWXUHV$OORIWKHVHVDOWVDOVRIRUPRWKHUVWDEOH/&SKDVHVDWORZHUWHPSHUDWXUHV,QRUGHU
WRXQGHUVWDQG WKLVEHKDYLRXUZH ILUVW GLVFXVVD VHPLTXDQWLWDWLYHJHRPHWULFPRGHO WKDW UHODWHV
PROHFXODUVKDSHZLWKWKHSDFNLQJPRGHRIWKHVSKHULFDOPLFHOOHV6LQFHWKHPRGHOSUHGLFWVWKDW
LQFUHDVHGEUDQFKLQJVKRXOGVWDELOL]HWKH%&&ZHGHFLGHGWRWHVWRXUPRGHOE\V\QWKHVLVLQJQHZ
³K\SHUEUDQFKHG´ DONR[\EHQ]RDWH VDOWV DQG WHVW RXU PRGHO¶V SUHGLFWLRQV )URP WKH SUDFWLFDO
YLHZSRLQWLIZHZDQWWRHQFDSVXODWHJXHVWVSHFLHVLQWRWKHPLFHOOHVWKHUHE\LQHYLWDEO\UHGXFLQJ
WKHHIIHFWLYHWDSHUDQJOHZHQHHGWRVWDUWZLWKDZHGJHDVKLJKO\WDSHUHGDVSRVVLEOHLQWKHILUVW
SODFH7KHVHFRQGREMHFWLYHLVWRH[SORUHZKDWKDSSHQVZKHQWKHWHUPLQDOFKDLQVDUHQRWDOORI
WKHVDPHOHQJWKDVWKH\KDYHEHHQLQPRVWLIQRWDOORIWKHSUHYLRXVO\UHSRUWHGVWXGLHV


)LJXUH5DGLDOGLVWULEXWLRQRIYROXPHIXQFWLRQVdV/drIRUGLIIHUHQWPLFHOODUSKDVHVIDFHFHQWUHG
FXELF )&&%&& nPm Pmnm 7HWUDJDQGVLPSOH FXELFDVZHOO DV IRU WKHKH[DJRQDO
FROXPQDUSKDVH+H[&ROK7KHFXUYHVKDYHEHHQQRUPDOL]HGWR WKHVDPHWRWDOYROXPHRID
PLFHOOHGLVNLQWKHFDVHRI&ROK$EVFLVVDVFDOHLVLQDUELWUDU\XQLWV)RUH[SODQDWLRQRILQVHWVVHH
WH[WcfUHIVDQG

,QRUGHUWRH[SODLQZK\VSKHULFDOVXSUDPROHFXODUGHQGULPHUVSDFNRQGLIIHUHQWODWWLFHVWKH
DYHUDJH UDGLDO GLVWULEXWLRQ IXQFWLRQV RI YROXPH dVdr KDYH EHHQ FDOFXODWHG IRU GLIIHUHQW '
ODWWLFHV ZLWK VSKHULFDO PRWLIV  7KHVH IXQFWLRQV JLYH WKH LGHDO VKDSHV RI ZHGJHVKDSHG
PROHFXOHVWKDWZRXOGILOOWKHXQLWFHOORIDJLYHQSKDVHSHUIHFWO\XQLIRUPO\7KHVSKHUHVRIUDGLXV
r DUHDOORZHGWRJURZVLPXOWDQHRXVO\IURPWKHLUFHQWUHV/HWvirEHWKDWSDUWRIVSKHUH iZKLFK
GRHVQRWRYHUODSZLWKDQRWKHUVSKHUH7KHJUDSKVLQ)LJXUHVKRZWKHDYHUDJHGIXQFWLRQVdVdr
ZKHUH  ¦  Ni iN vV  LVWKHPHDQYROXPHv DQGNLVWKHQXPEHURIVSKHUHVLQWKHXQLWFHOO%HIRUH
WKHVSKHUHVLPSLQJHRQRQHDQRWKHUDOOFXUYHVDUHSDUDERODHVLQFHWKHVXUIDFHRIDVSKHUHLV
Ar GvGrvr%XWRQFHWKH\FODVKWKHDVFHQWRIGvGrHLWKHUVORZVGRZQ nPm WHWUDJRQDO
RUVWDUWVWRGURS%&&)&&VLPSOHFXELF(YHQWXDOO\dV/drJRHVWR]HURZKHQDOOVSDFHLVILOOHG
7KHVKDSHRIdV/drEH\RQGWKHILUVWFODVKLVGLIIHUHQW IRUGLIIHUHQW ODWWLFHV ,Q)LJXUHZHDOVR
VKRZWKHdV/drFXUYHIRUWKHKH[DJRQDOFROXPQDU&ROKSKDVH+HUHWKHF\OLQGHUVUDWKHUWKDQ
VSKHUHVJURZIURPWKHLUFHQWUDOD[LVWKXVdV/drLVOLQHDUZLWKrEHIRUHWKHF\OLQGHUVFODVK
$ ZD\ WR UHODWH WKH dVdr IXQFWLRQV WR WKH PROHFXODU VKDSH LV WR LPDJLQH WKH FRQLFDO
PROHFXOHLQVHWDLQ)LJXUHUROOHGRXWIODW LQWRDSDUDEROLFr IDQDVVFKHPDWLFDOO\GUDZQLQ
LQVHWELQ)LJXUH7KHLGHDOHQYHORSHRIWKHPROHFXODUIDQIRUHDFKSKDVHLVUHSUHVHQWHGE\WKH
FRUUHVSRQGLQJ dVdr ZLWK r    DW WKH DFXWH DSH[ RI WKH PROHFXOH 7KH UHFWDQJOH LQ LQVHW
ELQGLFDWHVWKHOLPLWHGUHJLRQRIdVdrVKRZQLQWKHGLDJUDP
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7KHdVdr GLVWULEXWLRQIRU%&&GLIIHUVIURPWKRVHIRU nPm DQGPmnmLQWKDWLWKDVD
VOLJKWO\KLJKHUSHDNDQGVKRUWHUWDLO7KLVFKDQJHLQPROHFXODUHQYHORSHLVH[SHFWHGWRRFFXUDW
LQFUHDVLQJWHPSHUDWXUHVGXHWRODWHUDOWKHUPDOH[SDQVLRQRIWKHIOH[LEOHFKDLQVUHTXLULQJDKLJKHU
dVdrSHDNDQGORQJLWXGLQDOFRQWUDFWLRQRI WKHFKDLQVUHTXLULQJDVKRUWHUdVdr WDLO7KHdV/dr
FXUYHVIRU nPm DQGPmnmSKDVHVDUHVLPLODU WRHDFKRWKHUDQG LQGHHG WKH WZRSKDVHV
KDYHRIWHQEHHQIRXQGWRDSSHDULQWHUFKDQJHDEO\
$EULHIFRPPHQWRQWKH)&&SKDVHZKRVHdV/drLVLGHQWLFDOWRWKDWRIWKHRWKHU³FORVH
SDFNHG´ VWUXFWXUH WKH KH[DJRQDO FORVH SDFNLQJ +&3 1HLWKHU KDYH \HW EHHQ UHSRUWHG LQ
WKHUPRWURSLFWDSHUHGFRPSRXQGV7KHOLNHO\UHDVRQLVWKHSUHVHQFHRIODUJHRFWDKHGUDOLQDGGLWLRQ
WRWKHVPDOOWHWUDKHGUDOLQWHUVWLFHV7RUHDFKWKHFHQWUHVRIWKHIRUPHUDORQJVWUHWFKHGFKDLQLV
QHHGHGVHHWKHORQJWDLORIWKHdVdrFXUYHIRU)&&2QHFDQVSHFXODWHWKDWWRIRUPWKH)&&RU
+&3SKDVHWKHGHQGURQZRXOGKDYHWRKDYHSHUKDSVRQHRIWKHFKDLQVYHU\ORQJWRPDWFKWKH
ORQJWDLORIWKHdV/dr3RVVLEO\LWPD\DOVRQHHGRQHRUWZRVKRUWEUDQFKHVLQDGGLWLRQWRFRPSO\
ZLWKWKHKLJKSHDNRIWKH)&&FXUYH
7KHGLYHUJHQFHRIWKHZHGJHVKDSHGPROHFXOHFDQEHDSSUR[LPDWHGLQJHQHUDOE\dV/dr
 krp$URXJKJXLGHWRSKDVHW\SHWKDWVXFKZHGJHVKDSHGPROHFXOHVZRXOGIRUPLVJLYHQDV
IROORZVp|VPHFWLFp ELFRQWLQXRXVFXELFp|FROXPQDUp|PLFHOODUFXELFRU
RWKHUV\PPHWULHV)LJXUHVXJJHVWVWKDWDVDFUXGHDSSUR[LPDWLRQWKHYDOXHRIpDOVRSOD\VD
SDUWLQGHWHUPLQLQJZKLFKRIWKHPLFHOODUSKDVHVLVOLNHO\WREHDGRSWHGE\WKHFRPSRXQGDKLJKHU
pIDYRXULQJWKH%&&DQGDORZHUpIDYRXULQJWKH nPm SKDVH
+HUHZHH[SORUH WKHKLJKHQGRIpDQGWU\ WRPDNHWKHZHGJHPRUH³H[SRQHQWLDO´ LH
PDNHLWVZLGWKLQFUHDVHPRUHVWHHSO\DWODUJHUr6RGLXPVDOWV1DDQG1DZHUHWKXV
V\QWKHVLVHGHDFKKDYLQJRQHRIWKHLUWKUHHDONR[\FKDLQVFDUU\LQJDIXUWKHUWKUHHZD\EUDQFKLQJ
SRLQWEDVHGRQSHQWDHU\WKULWRO$VPDOOEUDQFKLQJJURXSLVXVHGLQVWHDGRIWKHXVXDOEXONLHUSKHQ\O
JURXSWRNHHSWKHZHGJHQDUURZQHDUWKHURRWVPDOOrDQGWKXVLQFUHDVHWKHGLYHUJHQFHp7KH
DV\PPHWULFFRPSRXQG1DKDVWKHEUDQFKHGFKDLQDWWKHSRVLWLRQDQGWKHV\PPHWULF
FRPSRXQG1DDW WKHSRVLWLRQ )XUWKHUPRUHZKLOH LQ1D WKHILYHFKDLQVDUHVLPLODU LQ
OHQJWK LQ 1D WKH\ GLIIHU LQ OHQJWK FRQVLGHUDEO\ 7KHVH FRPSRXQGV ZHUH REWDLQHG E\
:LOOLDPVRQHWKHUV\QWKHVLVDQGWKHWULVDON\OR[\SHQWDHU\WKULWROLQWHUPHGLDWHZDVDWWDFKHGWRWKH
DURPDWLFJURXSE\0LWVXQREXUHDFWLRQ7KHV\QWKHVLVLVJLYHQLQ6XSSRUWLQJ,QIRUPDWLRQ6,)RU
FRPSDULVRQWKH$%1DVDOWV1DDQG1DZLWKWKUHHXQEUDQFKHG&+DQG&+FKDLQV
UHVSHFWLYHO\KDYHDOVREHHQSUHSDUHGWKHLUV\QWKHVLVKDVEHHQGHVFULEHGSUHYLRXVO\7DEOH
JLYHVWKHSKDVHVHTXHQFHRIWKHFRPSRXQGVRQILUVWKHDWLQJDVREWDLQHGIURP'6&DQG;UD\
GLIIUDFWLRQ







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7DEOH3KDVHVVHTXHQFHDQGWUDQVLWLRQWHPSHUDWXUHVRIWKHFRPSRXQGVVWXGLHG

&RPSRXQG 3KDVHVDQGWUDQVLWLRQWHPSHUDWXUHVq&
1D N&ROU&ROK nPm %&&GHFRPS
1D N&ROK%&&GHFRPS
1D N%&&,VR
1D N%&&GHFRPS!

N FU\VWDO&ROU UHFWDQJXODUFROXPQDU&ROK KH[DJRQDOFROXPQDU nPm DQG%&& FXELF
LVR LVRWURSLFOLTXLG

 )LJXUH  VKRZV VPDOODQJOH ;UD\ GLIIUDFWLRQ 6$;' FXUYHV RI WKH PHVRSKDVHV DV D
IXQFWLRQRI WHPSHUDWXUH UHFRUGHGGXULQJKHDWLQJRIFRPSRXQGV1DDQG1D(TXLYDOHQW
6$;'VFDQVIRUWKHRWKHUFRPSRXQGVDUHVKRZQLQ6,)LJXUH6$OOFRPSRXQGVVKRZ'RU
'OLTXLGFU\VWDOSKDVHVDERYHWKHFU\VWDOPHOWLQJSRLQW,QDFFRUGDQFHZLWKSUHYLRXVVWXGLHVRI
WULVDONR[\EHQ]RDWHV1DDQG1DVWDUWZLWKWKH&ROKSKDVHDQGHQGXSLQWKH%&&VSDFH
JURXS mIm ,QFRQWUDVWWKHK\SHUEUDQFKHGFRPSRXQGV1DDQG1DPHOWGLUHFWO\LQWR
WKH%&&SKDVH2QFHKDYLQJ UHDFKHG LWDOO FRPSRXQGVH[FHSW1D UHPDLQ LQ WKH%&&
SKDVHXQWLODWOHDVWq&ZKHUHKHDWLQJUXQVZHUHLQWHUUXSWHGIRUIHDURIGHFRPSRVLWLRQ$VDQ
H[FHSWLRQ1DWUDQVIRUPVWRGLVRUGHUHGLVRWURSLFOLTXLGDWq&DVLVFOHDUIURP)LJXUH
6E 7KHUH LV QR GHWHFWDEOH DVVRFLDWHG HQGRWKHUP PHDQLQJ WKDW WKH WUDQVLWLRQ HQWURS\ LV
H[WUHPHO\ORZ,QDOOFDVHVWKHSKDVHVHTXHQFHLVUHYHUVHGRQFRROLQJ7KHGLIIUDFWLRQLQWHQVLWLHV
ZHUHXVHGWRUHFRQVWUXFWWKHHOHFWURQGHQVLW\PDSRIWKH%&&XQLWFHOO)LJXUHEZKLFKFOHDUO\
VKRZVWKHVSKHULFDOPD[LPDDWWKHFRUQHUVDQGDWWKHFHQWUHRIWKHFHOOPDUNLQJWKHSRVLWLRQVRI
WKHDURPDWLFLRQLFFRUHVRI WKHPLFHOOHV7KHORZGHQVLW\FRQWLQXXPLVXQLIRUPO\ILOOHGZLWKWKH
DON\OFKDLQVDVLQGLFDWHGE\WKHXQLIRUPO\JUHHQFRORXULQWKHPDS


  
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)LJXUH6HULHVRI6$;'FXUYHV/RUHQW]FRUUHFWHGUHFRUGHGGXULQJILUVWKHDWLQJ.PLQRI
VROXWLRQSUHFLSLWDWHGSRZGHUWKURXJKWKHPHVRSKDVHUDQJHD1DE1D)RUFODULW\WKH
VKLIWEHWZHHQFXUYHV LV WLOWHG LQ DDQGYHUWLFDO LQ Eq S VLQTOZKHUHTDQGODUHKDOI
VFDWWHULQJDQJOHDQGZDYHOHQJWK

 7KH SKDVH VHTXHQFH &ROK Æ nPm Æ %&& ZLWK LQFUHDVLQJ T IRU 1D FDQ EH
XQGHUVWRRGZLWKUHIHUHQFHWR)LJXUHE\QRWLQJWKHLQFUHDVLQJO\KLJKHUSHDNDQGVKRUWHUWDLORI
WKHFRUUHVSRQGLQJdV/drFXUYHV7KDW LV WKH&ROKFXUYH LVVXLWDEOH IRU OLQHDUZHGJHVVXFKDV
IRXQGDWORZHUWHPSHUDWXUHVLQ1DDQG1DZKHQWKHLUDON\OFKDLQVDUHPDLQO\H[WHQGHG
ZLWK IHZ gauche FRQIRUPHUV $W KLJKHU T DQG LQFUHDVLQJ gauche FRQWHQW, WKH FKDLQV H[SDQG
ODWHUDOO\DQGFRQWUDFWORQJLWXGLQDOO\$IDQFRQHWUDQVIRUPDWLRQRFFXUVLQWKRVHWZRFRPSRXQGV
WULJJHULQJ WKHFROXPQDU±FXELFSKDVH WUDQVLWLRQ ,I WKHPROHFXOHZDVFRQILQHG WRDSODQH WKLV
ZRXOGEHHTXLYDOHQW WRD WUDQVLWLRQ IURP OLQHDU WRSDUDEROLF IDQ VHH LQVHWE LQ)LJXUH WKXV
UHTXLULQJWKHFKDQJHWRDSKDVHVWUXFWXUHZLWKDSDUDEROLFUDWKHUWKDQOLQHDUdV/dr$VWKHFKDLQ
HQGV RI 1D LQ WKH nPm SKDVH FRQWLQXH WR H[SDQG ODWHUDOO\ RQ IXUWKHU KHDWLQJ D dV/dr
IXQFWLRQZLWKDQHYHQKLJKHUSHDNDQGVKRUWHUWDLOLVUHTXLUHGDQGKHQFHWKH nPm WUDQVIRUPV
WRWKH%&&,QFRPSDULVRQKRZHYHUWKHORQJHUFKDLQVRI1DUHTXLUHVXFKDGGLWLRQDOODWHUDO
VSDFH DOUHDG\ DW ORZHU T ZKLFK H[SODLQV ZK\ WKLV FRPSRXQG E\SDVVHV WKH nPm SKDVH
DOWRJHWKHU
7XUQLQJWRWKHQHZK\SHUEUDQFKHGVDOWVWKHIDFWWKDWWKHVHRQO\VKRZWKH%&&SKDVHLV
LQGHHGZKDWWKHdV/drDQDO\VLVSUHGLFWV$OUHDG\DWORZTWKHLUZLGHDOLSKDWLFEUXVKHVUHTXLUHWKH
dV/drVKDSHDVVRFLDWHGZLWKWKH%&&SKDVH7KHLUZLGHHQGLVEHOLHYHGWREHPDGHHYHQZLGHU
E\WKHZHOONQRZQSUHIHUHQFHIRUDON\OFKDLQHQGVWRDGRSWgaucheFRQIRUPDWLRQV+HQFHWKHVH
FRPSRXQGVLQGHHGGRQRWVKRZDQ\RWKHU/&SKDVHEXWWKH%&&
$V WHPSHUDWXUH LV LQFUHDVHG WKH%&&SKDVHFRQWLQXHV ,WZRXOGDSSHDU WKDWQRRWKHU
SDFNLQJPRGHRIIHUVDEHWWHUDOWHUQDWLYHIRUKLJKO\GLYHUJHQWPROHFXOHVLHDdV/drZLWKDKLJKHU
SHDNDQGVKRUWHUWDLO7KLVZRXOGH[SODLQZK\%&&SHUVLVWVRYHUDUDQJHRI.RUPRUHLQPRVW
EHQ]RDWHVDOWV+RZHYHUWKLVGRHVQRWSUHYHQWWKHGHQGURQVIURPFRQWLQXLQJWRH[SDQGODWHUDOO\
DQGFRQWUDFWORQJLWXGLQDOO\ZLWKLQFUHDVLQJT(YLGHQFHFDQEHIRXQGLQWKHSORWVRI%&&XQLWFHOO
YROXPHvs.TLQ)LJXUHD7KHFHOOYROXPHDQGKHQFHWKHYROXPHRIWKHVSKHUHVdecreasesRQ
KHDWLQJIRUDOOFRPSRXQGVVWXGLHGSDUWLFXODUO\VWHHSO\LQ1DDQG1DLQWKHODWWHUFDVHWKH
PLFHOOH YROXPH QHDUO\ KDOYHV LQ WKH PHDVXUHG T UDQJH 2XU H[SODQDWLRQ RI WKLV UHPDUNDEOH
EHKDYLRXU LV LQ WKDW DV WKH VROLG DQJOH : RI WKH FRQLFDO PROHFXOH H[SDQGV WKH QXPEHU RI
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PROHFXOHV P   S: UHTXLUHG WR FRPSOHWH D VSKHUH GHFUHDVHV )XUWKHUPRUH ORQJLWXGLQDO
FRQWUDFWLRQRIWKHFKDLQVDOVRPHDQVWKDWGLVWDQWLQWHUVWLFHVFDQQRORQJHUEHUHDFKHGE\WKHFKDLQ
HQGV+HQFHLQRUGHUWRILOOVSDFHWKHOHQJWKVFDOHRIWKHVWUXFWXUHPXVWFRQWUDFW7KHWKHUPDOHIIHFW
LVHTXLYDOHQWWRWKHUPDOVKULQNDJHRIUXEEHUDQHQWURSLFDOO\GULYHQSKHQRPHQRQ


)LJXUHD8QLWFHOOYROXPHvs. WHPSHUDWXUHLQWKH%&&SKDVHIRUWKHFRPSRXQGVVWXGLHG(PSW\
FLUFOHV UHIHU WRD FRROLQJ UXQ IXOO V\PEROVDUH IRUKHDWLQJ1XPEHUV LQER[HVDUHQXPEHUVRI
PROHFXOHV LQ D VSKHUH P DW WKH ORZ DQG KLJKT HQGV RI WKH DVVRFLDWHG FXUYHV ,QVHWV DUH
GHVFULEHGLQWKHWH[WE(OHFWURQGHQVLW\PDSRIWKH%&&SKDVHRIFRPSRXQG1D7KH
XQLWFHOOLVGHOLQHDWHGE\WKHUHGFXEH2UDQJHLVRVXUIDFHHQFORVHVWKHVSKHULFDOUHJLRQVRIKLJK
HOHFWURQGHQVLW\LHWKHDURPDWLFFRUHVDQGWKHLRQLFSDUW7KHFRORXUVRQWKHZDOOVDQGRQWKH]
 ò³VKHOI´DUHJUHHQ ORZDOLSKDWLFEOXHSXUSOH KLJKDURPDWLF7KHVWUXFWXUHIDFWRUSKDVH
DQJOHVXVHGDUHI I SI I FG&3.PRGHOVRIIRXUPROHFXOHVRIF
1DDQGG WZRPROHFXOHVRI1D LQDSODQHUHSUHVHQWLQJD OLNHO\DUUDQJHPHQW LQ WKH
FURVVVHFWLRQRIDFROXPQFROXPQDUSKDVHRUDVSKHUHFXELFSKDVH5HG R[\JHQSXUSOH 
VRGLXPH&DOFXODWHGdV/drFXUYHVIRUWKHVWXGLHGFRPSRXQGLQWKH%&&SKDVHDQGIRU1D
DOVRIRUWKH nPm SKDVH+HUHUHDOYROXPHJUDGLHQWVDUHSORWWHGDJDLQVWUHDOrEDVHGRQYROXPH
DQG P GDWD LQ D 'DVKHG DQG VROLG FXUYHV UHIHU UHVSHFWLYHO\ WR WKH ORZHVW DQG KLJKHVW
WHPSHUDWXUHVRIWKHUDQJHVGLVSOD\HGLQD'RWWHGDQGGRWGDVKFXUYHVDUHIRUWKH nPm SKDVH
RI1D

 
 7KHWKHUPDOVKULQNDJHRIWKHVSKHUHVGRHVQRWLPSO\YROXPHVKULQNDJHRIWKHPDWHULDO$V
WKHFRPSRXQGVDUHPDGHXSPDLQO\RIDON\OFKDLQVZHKDYHDVVXPHGWKHWKHUPDOH[SDQVLYLW\WR
EHFORVH WR WKDWRI OLTXLGQDONDQH&+(VWLPDWLQJ WKHGHQVLW\DW URRP WHPSHUDWXUH WREH
DSSUR[LPDWHO\JFPEDVHGRQSUHYLRXVPHDVXUHPHQWVDQGXVLQJWKHPHDVXUHGFHOO
H
E GFD
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YROXPHVDQGFRPSXWHGGHQVLWLHVVHH6,7DEOHV6DQG6ZHFDOFXODWHGP WKHQXPEHURI
PROHFXOHVSHUVSKHUHDWWKHORZDQGKLJKHQGVRIWKHPHDVXUHG%&&UDQJHIRUDOOFRPSRXQGV
VWXGLHG±VHHQXPEHUVLQER[HVLQ)LJXUHD7KHVSKHUHVPDGHXSRIWKHDSSURSULDWHQXPEHUV
RIFRQHVDUHVFKHPDWLFDOO\VKRZQDV LQVHWVL WRY LQ)LJXUHD$VT LQFUHDVHVWKHVXUSOXV
GHQGURQVDUHHYLGHQWO\FRQWLQXRXVO\H[SHOOHGIURPWKHVSKHULFDOPLFHOOHVZKLOHDWWKHVDPHWLPH
QHZPLFHOOHVDUHIRUPHGIURPWKHHMHFWHGPROHFXOHV7KHODUJHVWGURSLQPRFFXUVLQ1DIURP
WR$VLPLODUO\KLJKUDWHRIGHQGURQHMHFWLRQLVDOVRVHHQLQ1D7KLVFRPSOH[SURFHVV
RIGLVDVVHPEO\DQGUHDVVHPEO\RIPLFHOOHV LVUHYHUVLEOHDV LOOXVWUDWHGE\ WKHGDWDRQXQLWFHOO
H[SDQVLRQRQFRROLQJIRU1DHPSW\FLUFOHVLQ)LJXUHD6RPHK\VWHUHVLVLVHYLGHQWDWWKH
UHODWLYHO\KLJKDSSOLHGFRROLQJUDWH.PLQ7KHUHLQWHJUDWLRQRIGHQGURQVRQFRROLQJ LVD
VRPHZKDWVORZHUSURFHVVWKDQWKDWRIWKHLUHMHFWLRQDQGUHJURXSLQJRQKHDWLQJ
 7KHUPDOFRQWUDFWLRQRIWKHXQLWFHOOKDVEHHQREVHUYHGDQGHMHFWLRQRIVXUSOXVGHQGURQV
SRVWXODWHGDOVRLQWKHFDVHRIWKHFROXPQDUSKDVH+RZHYHULQWKDWFDVHFRQWUDFWLRQLVRQO\
WZRGLPHQVLRQDODQGRQHQHHGVWRDVFHUWDLQWKDWDFRPSHQVDWLQJH[SDQVLRQDORQJWKHFROXPQ
D[LVGRHVQRWRFFXU,QIDFWZKHQGHQGURQVZHUHFRYDOHQWO\DWWDFKHGWRDSRO\PHUEDFNERQHDQG
SUHYHQWHGIURPOHDYLQJWKHFROXPQWKHPDFURVFRSLFILEUHKDVEHHQIRXQGWRH[WHQGORQJLWXGLQDOO\
RQKHDWLQJ LQ FRQWUDVW WR WKHXVXDO ORQJLWXGLQDO WKHUPDO VKULQNDJHRISRO\PHU ILEUHV ,Q IUHH
PLQLGHQGURQV ZKHUH PROHFXODU VSDFLQJ DORQJ WKH FROXPQ D[LV ZDV PHDVXUHG E\ ;UD\V
PROHFXODU HMHFWLRQ ZDV FRQILUPHG DV WKH PRVW OLNHO\ H[SODQDWLRQ RI ODWHUDO VKULQNDJH
1HYHUWKHOHVVWKHUHFDQEHQREHWWHUSURRIRIFRQWLQXRXVDQGUHYHUVLEOHWKHUPDOGLVDVVHPEO\DQG
UHDVVHPEO\WKDQLVSURYLGHGLQWKHFDVHRI'FXELFVWUXFWXUHVZKHUHWKHUPDOVKULQNDJHRFFXUV
DORQJ DOO WKUHH GLPHQVLRQV DQG PROHFXODU HMHFWLRQ DQG UHLQWHJUDWLRQ LV WKH RQO\ SRVVLEOH
PHFKDQLVP 7KH SUHVHQWO\ VWXGLHG K\SHUEUDQFKHG PLQLGHQGURQV SURYLGH VR IDU WKH PRVW
FRPSHOOLQJH[DPSOHVRIWKLVSURFHVV
 ,Q )LJXUH H ZH VKRZ dV/dr FXUYHV LQ UHDO VFDOH QP DQG QP XQLWV IRU WKH DFWXDO
FRPSRXQGV VWXGLHG KHUH $V PHQWLRQHG DERYH WKHVH FXUYHV UHSUHVHQW WKH HIIHFWLYH ZHGJH
VKDSHV RI UROOHGRXW PROHFXOHV LQVHW E LQ )LJXUH  )LJXUH H VKRZV JUDSKLFDOO\ WKH DFWXDO
ZLGHQLQJDQGORQJLWXGLQDOFRQWUDFWLRQRIWKHZHGJHVRQKHDWLQJIURPWKHORZHVWGDVKHGFXUYHV
WRWKHKLJKHVWTVROLGFXUYHV7KHVHDUHSDUWLFXODUO\SURPLQHQWLQ1DDQG1D7KHFXUYHV
IRU 1D DOVR LOOXVWUDWH JUDSKLFDOO\ WKH HTXLYDOHQW FKDQJH RFFXUULQJ LVRWKHUPDOO\ XSRQ WKH
WUDQVLWLRQIURP nPm WR%&&cf.GRWGDVKDQGVROLGJUHHQFXUYHV1RWHWKDWWKHHQGSRLQWVRI
WKHFXUYHVLQ)LJXUHHWKHOHQJWKRIWKHZHGJHLVGLUHFWO\UHODWHGWRWKHKHLJKWRIWKHFXUYHVLQ
)LJXUHD$IXUWKHUXQH[SHFWHGDQGFRXQWHULQWXLWLYHILQGLQJUHYHDOHGE\)LJXUHVDHLVWKDWWKH
VL]HRIWKHPLFHOOHVRILVH[DFWO\WKHVDPHDVWKDWRI1DLHWKDWWKHH[WUDSHQWDHULWKULWRO
EUDQFKZLWKWKUHHORQJ&FKDLQVUHSODFLQJDVLQJOH&FKDLQPDGHQRGLIIHUHQFHWRWKHOHQJWK
RIWKHPROHFXOHDQGWKHVL]HRIWKHPLFHOOH7KHUHDVRQFDQEHJDWKHUHGE\FRPSDULQJWKHVROLG
EOXHDQGJUHHQFXUYHVLQ)LJXUHHLWVKRZVWKDWDOOH[WUDPDWHULDO LQ1DKDGJRQHLQWR
GRXEOLQJWKHZLGWKRIWKHZHGJHUDWKHUWKDQH[WHQGLQJLW7KDWVXJJHVWVWKDWWKHVSKHUHGLDPHWHU
LV GHWHUPLQHG E\ WKH VKRUWHU FKDLQV WKH ORQJ FKDLQV SUHVXPDEO\ IROGLQJ EDFN EHLQJ KLJKO\
FRQIRUPDWLRQDOO\GLVRUGHUHGRUSDUWLDOO\LQWHUGLJLWDWHG±VHHVFKHPDWLFVLQLQVHWVYLDQGYLLLQ
)LJXUHDDQGPROHFXODUPRGHOVLQ)LJXUHFG7KLVLOOXVWUDWHVKRZWKHPROHFXODUFRQIRUPDWLRQ
DGDSWVWRWKHVSDFHILOOLQJUHTXLUHPHQWRIWKHVXSHUVWUXFWXUH
 :HQRWH WKDWDOWKRXJKWKHdV/drFXUYHVJLYHDFRPSHOOLQJUDWLRQDOH IRUPDQ\REVHUYHG
IHDWXUHV RI VHTXHQFH VWUXFWXUH DQG VL]H RI PLFHOODU GHQGURQ SKDVHV WKH\ VKRXOG QRW EH
FRQVLGHUHGDVWKHRQO\IDFWRUVLQYROYHG+RZHYHULWLVFRQVSLFXRXVWKDWHYHQLIWKHGLIIHUHQFHVLQ
dVdr IXQFWLRQVDUHUDWKHUVXEWOHDVHJ IRU%&&DQG nPm SKDVHV LQDOOFRPSRXQGVZKHUH
ERWKSKDVHVDSSHDUWKH%&&LVLQYDULDEO\WKHKLJKTSKDVH6XFKDFOHDUFXWGLVWLQFWLRQGRHV
QRW H[LVW EHWZHHQ WKH nPm DQG WKH WHWUDJRQDOVSKDVH ZKHUH WKH dVdr IXQFWLRQV DUH YHU\
VLPLODULQGHHG

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&21&/86,216
 :HKDYHSUHSDUHGWKHILUVWH[DPSOHVRI³K\SHUEUDQFKHGPLQLGHQGURQV´RIWKH$%W\SH
DQGVKRZQWKDWWKH%&&VWUXFWXUHSURYLGHVZKDWVHHPVWREHWKHXOWLPDWHPRGHRIWKHUPRWURSLF
VSKHULFDODVVHPEO\ IRUKLJKO\GLYHUJHQWGHQGURQV7KHdV/drEDVHGDQDO\VLVZDVVKRZQWREH
YHU\XVHIXOLQUDWLRQDOL]LQJWKHREVHUYHGSKDVHEHKDYLRXU7KHUPDOVKULQNDJHRIVXSUDPROHFXODU
DJJUHJDWHVYLDPROHFXODUHMHFWLRQDQGUHDVVHPEO\KDVEHHQFRQILUPHGEH\RQGGRXEWZLWKDQ
XQSUHFHGHQWHGH[WHQWRIVKULQNDJHUHFRUGHGLQWKH1DFRPSRXQG7KHXQH[SHFWHGEHKDYLRXU
RIPLQLGHQGURQ1DZLWKPL[HGORQJHUDQGVKRUWHUFKDLQVIRUPLQJPLFHOOHVRIH[DFWO\WKH
VDPH VL]H DV 1D LV DWWULEXWHG WR EDFNIROGLQJ RI WKH DGGHG ORQJ FKDLQV 7KH UHVXOWV KHOS
LPSURYH RXU JHQHUDO XQGHUVWDQGLQJ RI WKH FRPSOH[ VHOIDVVHPEO\ EHKDYRXU RI WDSHUVKDSHG
PROHFXOHV:HDOVREHOLHYHWKDWSURGXFLQJKLJKO\GLYHUJHQWGHQGURQVOLNHWKHK\SHUEUDQFKHGRQHV
LQWKLVVWXG\ZLOODOORZODUJHUJXHVWPROHFXOHVWREHHQFDSVXODWHGLQWRVSKHULFDOGHQGURQEDVHG
VKHOOV

$FNQRZOHGJHPHQWV :H DFNQRZOHGJH IXQGLQJ IURP 1)6& &KLQD  
=KHMLDQJ1DWXUDO6FLHQFH)RXQGDWLRQ/<%6FLHQFH)RXQGDWLRQRI=KHMLDQJ6FL7HFK
8QLYHUVLW\<WKHMRLQW16)(365&3,5(SURJUDP³5(1(:´(3.DQGWKH
/HYHUKXOPH7UXVW53**8DQG/&DUHJUDWHIXOUHVSHFWLYHO\IRUWKHDZDUGVRI
6WDWH6SHFLDOO\5HFUXLWHG([SHUWDQG+LJK(QG)RUHLJQ([SHUWERWK IURP WKH*RYHUQPHQWRI
&KLQD)RUKHOSZLWKV\QFKURWURQ6$;6H[SHULPHQWVZHWKDQN3URI17HUULOODW ,'LDPRQG
/LJKW6RXUFH8.


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